Diurnal peaks of precipitable water vapor, precipitation, and outgoing longwave radiation 21 (OLR) are compared over land areas using the NICAM 7-km run. The daily precipitable water 22 vapor maximum appears around 15 LT (Local Time), which is followed by the precipitation peak 23 around 16.5 LT. The diurnal cycle of high clouds tends to peak around 19.5 LT, three hours later 24 than the precipitation peak. These results from NICAM simulations can explain the cause of the 25 3 phase differences among precipitation products based on several satellite observations. We 1 demonstrate that the GCRM is a promising tool to realistically simulate the precipitation diurnal 2 cycle and could be quite useful to study the role of the diurnal cycle in the climate systems in a 3 global context. 
Introduction 6
Convective heating is extremely important for the maintenance of global-scale atmospheric contributed significantly to our understanding of the structure and behavior of convective activity 12 by direct sounding using precipitation radar on board. Additionally, the TRMM's non-Sun cycle in GCMs using multiple observation datasets, and suggested that the modeled diurnal cycle 19 is too early in the precipitation peak and too strong in the amplitude than those observed even in 20 the latest generation GCMs. A poor description of the diurnal cycle in the tropics in GCMs may be 21 a matter of concern for predicting tropical climate variability (Wang et al. 2007 ). Previous studies 
10
The precipitation diurnal cycle are characterized by two major types according to the local time 11 of the maximum precipitation, namely, the afternoon peak over land and the early morning peak 12 over ocean. In the former, daytime evolution of the mixed layer, as a result of surface solar heating, 13 is closely related to the establishments of the unstable layer above the surface and the Other mechanisms have also been suggested to explain the early morning peak over ocean, such as the early morning peak is quite complicated over ocean. 24 There are three possible approaches to improve the simulation of the precipitation diurnal cycle 25 5 in global models. The first method is to increase the horizontal resolution of conventional GCMs. 1 Arakawa and Kitoh (2005) performed a 20 km-mesh run using a cumulus parameterization, in 2 which the diurnal cycle over the maritime continent was reproduced fairly well. They revealed that 3 the realistic land/sea breeze and the detailed topographies over land are represented well in the 4 high resolution GCM, which contributes to the improved behavior of the modeled diurnal cycle. In 5 the central area of large islands, such as Borneo, however, the peak time of the diurnal cycle seems 6 too early compared with the observations. Inland migration of convection due to the sea breeze as the horizontal resolution increases.
13
The second method for improving the diurnal cycle is to adopt a Multi-scale Modeling precipitation in their MMF. These previous studies suggest that the MMF can reduce precipitation 1 and latent heating biases associated with the diurnal cycle in the original GCM; thus, it is a 2 promising tool to bypass the cumulus parameterizations (Arakawa 2004 ).
3
By using high resolution GCM or MMF, the diurnal cycle of tropical convection is much 4 improved. However, they have limitation for simulating the diurnal cycle signals that propagates 5 far from the original forcing by the interaction with the mesoscale processes, such as cold pool 6 formation and squall lines. Therefore, explicit simulation of the mesoscale circulation is a key 7 issue to improve the diurnal cycle propagations. The third method, which we adopt in this study, is 8 to use the global cloud-resolving (or cloud-system-resolving) model (GCRM or GCSRM). The
9
GCRM with a grid size of several kilometers directly simulates cumulus convection with a global 10 coverage using a cloud microphysics scheme without the use of any cumulus parameterization.
11
Although the computational cost is extremely expensive, it is expected to reduce uncertainties Currently, 31-day long integration with 7-km mesh GCRM run becomes possible by the 25 state-of-the-art powerful computers, which may be long enough to study the diurnal cycle 1 statistically.
2
The purpose of this paper is to show the characteristics of the precipitation diurnal cycle and 3 convective behaviors in the tropics simulated in a GCRM. The simulated diurnal cycle is evaluated 4 using satellite observations. Additionally, we conducted some preliminary experiments to examine 5 the sensitivity of the simulated diurnal cycle to the model horizontal resolution. We thus would 6 discuss implications of those results to future studies using the GCRM in terms of the diurnal 7 variability of convective systems. The model, experimental setup, and satellite data are described 
12
The numerical experiments were performed for one month starting at 15th December 2006. 
Diurnal cycle of precipitation

19
In this section, we present the diurnal cycle of precipitation in one-month simulation in the 20 NICAM-7km run. The simulated characteristics of the diurnal cycle are evaluated using the 21 satellite observations. Figure 1 shows the local time of the precipitation peak in TRMM and shows the diurnal peak around local noon over South America, whereas in NICAM-7km and 3B42
4 the diurnal peak occurs in early evening. Therefore, NICAM-7km shows too late peak in subject to large-scale subsidence, i.e., over the Southeast Pacific, Southeast Atlantic, and Southeast
22
Indian Ocean. Since the drizzle from marine stratocumulus clouds is a major contributor to the 23 total rainfall in these areas (Wang et al. 2004 ), the precipitation is hardly detected by the TRMM 24 PR. The stripes over the North Pacific in both 3B42 and NICAM indicate the passage of 25 11 precipitation events due to synoptic-scale disturbances, and they may indicate the diurnal cycle 1 signal. One-month integration is too short to eliminate such influence in the extra-tropics. climatological mean (Fig. 2b ). This could be due to the interannual variation of the diurnal cycle 6 and the modification of the diurnal cycle in relation to intraseasonal variation. The amplitude in 7 NICAM is generally larger over both land and ocean than in the two observational products.
8
Geographical distributions are, however, well captured in the NICAM-7km run. For instance, the 9 local maxima of the diurnal amplitude over islands in the maritime continent and Madagascar
10
Island are evident in the NICAM simulation.
11
To examine the NICAM results more quantitatively, Fig. 3 shows the time series of the 12 area-averaged diurnal cycle. The peak time of the diurnal precipitation is at 6 LT over ocean in due to the one month simulation during which the precipitation is well above the multi-year 25 average used in TRMM 3G68 products.
1
In this section, we found that the NICAM simulates fairly well the diurnal cycle of 2 precipitation in the tropics. Nevertheless, the precipitation peak tends to occur slightly later in 3 NICAM-7km than that in 3G68, especially over land. Since the 7km-mesh grid is not always fine 4 enough to resolve cumulus convection; short-term experiment with higher resolution is shown in 5 the next section with a discussion on the sensitivity of the simulated diurnal cycle to the model 6 grid size. size. Here, we investigate the sensitivity of the simulated diurnal cycle to the model horizontal 14 resolution. Three runs with different grid sizes (NICAM-14km, -7km, and -3.5km) are compared.
15
As described in section 2, the NICAM-3.5km run covers only a 7-day period, whereas
16
NICAM-14km and -7km runs cover 31 days in total. We confirmed that the main results on the 17 resolution sensitivity do not change significantly if the same period is analyzed for the three runs. (Fig. 4a ).
2
Meanwhile, the peak time in NICAM-14km run tends to delay by several hours over these regions; 3 namely, the late evening peak over land is shifted to early morning. The amplitude of the NICAM 4 simulated diurnal cycle in the tropics is larger than that in the same month statistics based on 3B42 5 in the continental areas and the western Pacific (Fig. 4b ).
6
The diurnal time series of precipitation anomaly in the tropics from the three resolution runs The prominent resolution dependence of the simulated diurnal cycle over land, as shown in of convective systems that is generated over land. In order to examine the phase difference along 17 the coastal areas, longer integration is needed to collect enough samples of the convective systems. 
Regional characteristics
20
In the previous section, we discussed the precipitation diurnal cycle in NICAM as a global 21 averaged view in the tropics and compared it with the TRMM observations. Here, we focus on 
1
The diurnal change of precipitation intensity over the maritime continent is shown in Fig. 6 .
2
The most predominant characteristics, i.e., the early morning peak over ocean and the afternoon convection. In the late afternoon to the early morning, the precipitation system over the 8 mountaintop separates into two systems, both propagate down slope to the south and north coastal areas.
10 Figure 9 shows the diurnal change of the precipitation pattern over South America. Kikuchi and The NICAM-7km run also captures well the propagating precipitation events over Central The diurnal change of cold pool occurrence over the maritime continent is depicted in Fig.   22 12. In the evening (18-24 LT), high frequency is found in the offshore areas along the coastlines, In addition, the westward propagation of the high cold pool frequency is evident over the Gulf of 2 Carpentaria and North Australia. Thus, we regard the westward propagation of the precipitation 3 systems shown in Fig. 6 is maintained by the gravity current propagation. Over the Central Pacific, 4 the frequency seems to be higher in early morning (00-06 LT) than that in other local hours. This is 5 consistent with the precipitation maximum in early morning. In order to obtain more detailed 6 diurnal variation, longer integration is needed, however. 6. Applications to the cloud microphysics study 9 Studies of the diurnal cycle using a GCRM have potential to help improve the retrieval increase the spatial coverage, the peak time is strongly affected by the cloud cover rather than the 17 precipitation; thus, it differs from the peak time of precipitation intensity. Figure 13 shows diurnal phase delay in the diurnal cycle of precipitation and partly to the one-month simulation which may 21 presents a well above the multi-year average used in the 3G68.
22
The NICAM experiments suggest that there is a remarkable resolution dependence in the shows the early morning peak over ocean similar to the NICAM-3.5km run and observation. Such GCRM and other GCMs. By using the GCRM, the classification of the diurnal cycle may b e 22 possible using a GCRM based on the controlling mechanisms, which would improve our 23 understanding of the diurnal cycle of clouds and precipitation processes.
24
Since the TRMM observations became available, studies on the precipitation diurnal cycle have 
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